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Abstract

In order to examine the applicability, the evaporation estimation approaches based on solar radiation are classified into 3 different
model groups (Model groups A, B, and C) in this study. Each group is tested in the 6 study stations (Seoul, Daejeon, Jeonju, Busan,
Mokpo, and Jeju). The model parameters of each model group are estimated and verified with measured pan evaporation data. The
applicability of verified model groups are compared with results of Penman (1948) combination approach. Nash-Sutcliffe (N-S)
efficiency coefficients greater than 0.663 in all study stations indicate satisfactory estimates of evaporation. On the other hand, in the
model verification process, N-S efficiency coefficients greater than 0.526 in all study stations indicate also satisfactory estimates of
evaporation. However, N-S efficiency coefficients in all study cases except Model groups B and C in Busan are less than those of
Penman (1948) combination approach. Therefore, it is concluded in this study that the evaporation estimation approaches based on solar
radiation have capability to replace Penman (1948) combination approach for the estimation of evaporation in case that some
meteorological data (wind speed, relative humidity) are missing or not measured.
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Table 1. Generalized evaporation equation for radiation based approaches (combined period)

Model grou Evaporation Eqs Estimated Numerical evaluation
Sroup P - parameters Mean Max. Min. RMSE MABE NSE
R
A k \ k=26.30 93.4 166.4 19.7 20.956 16.727 0.726
=0.00024
B E= aoT —b)R “ 91.2 176.8 13.8 13.971 9.880 0.878
o YA b=-0.0082
Seott C E= AR, +b a=0.92 92.1 171.5 22.7 13.359 9.536 0.889
YAty b=0.37 ' ' ' ' ' '
Penman Equation 90.4 179.0 26.5 11.647 8.433 0916
pan evaporation 92.1 2293 27.5
R
A E= k;TS k=21.57 87.8 169.2 33.1 22.227 17.831 0.712
a=0.00022
E=(aT —b)R, . . . . . .
. B (aT, —b)R, h0.0050 84.9 179.7 215 15228 | 11.074 0.865
preeon C ot 4y 0083 85.3 181.4 21.6 15.075 | 10985 | 0.868
VAT, v=0.03 ‘ ‘ ' ' ' '
Penman Equation 94.5 194.5 22.4 17.626 13.618 0.819
pan evaporation 85.2 188.6 17.2
R,
A E= ka k=23.12 91.2 147.4 37.0 20.840 17.407 0.761
a=0.00027
E=(aT —b)R, . . . . . .
. B (aT, —b)R, b—-0.0030 88.2 159.1 25.1 9.221 7.404 0.953
feonit c ot 4y 0=0.94 87.8 161.3 22.0 9.178 7.433 0.954
TUATS b=-0.20 ' ' ' ' ’ ’
Penman Equation 93.8 173.5 27.7 12.674 10.141 0.912
pan evaporation 87.8 174.6 22.7
R,
A E=k ): k=23.32 95.2 162.9 24.7 15.762 11.843 0.663
a=0.00009
E=(aT —D)R,
B (aT, — bR, he0.0145 94.7 164.5 229 14713 | 11.073 0.706
pusan C E= AR, +b a=0.59 96.5 154.7 44.9 11.887 8.754 0.808
RN b=1.13 ' ' ' ' ' '
Penman Equation 111.2 200.4 49.4 21.696 17.469 0.361
pan evaporation 96.5 186.6 42.4
R
A E= k;TS k=22.63 93.9 159.4 30.3 21.104 15.655 0.679
a=0.00019
E=(aT —b)R, . . . . . .
B (T, —b)R, 0,007 91.7 192.4 23.5 16.799 11.998 0.797
Hokpe C E= AR, +0b a=0.73 93.5 179.7 349 15.775 11.151 0.821
RN b=0.53 ' ‘ ' ' ' '
Penman Equation 106.2 223.0 32.1 21.088 17.269 0.680
pan evaporation 93.4 207.2 26.1
R,
A E= kT‘s k=26.32 101.3 186.9 18.4 16.846 13.490 0.823
a=0.00014
E= (a1l —b)R, . . R . . .
. B (aT, —b)R, 00134 100.0 204.4 16.4 14.979 | 12425 0.860
e C E= AR, +b a=0.76 102.9 193.6 37.2 11.766 9.080 0914
TTATS b=0.82 ' ' ' ' ‘ ’
Penman Equation 108.9 213.2 41.6 13.460 10.432 0.887
pan evaporation 102.8 220.6 344

RMSE: Root Mean Square Error; MABE: Mean Absolue Error; NSE: Nash-Sutcliffe efficiency coefficient; Mean: average evaporation for the
study period; Max: maximum evaporation for the study period; Min: minimum evaporation for the study period



170

= y =1.0255x +3.7215 = y=0.5944x + 38.964
§200 17 Re-09391 5200 R?=0.8382
£150 - £ 150 4 .
£ * (34
£100 - L677 £100 - o
o ¥ < *»
@ 50 - 3 50 4
E el
50 —_— 2 o —————
0 50 100 150 200 250 0 50 100 150 200 250

Pan (mm/month) Pan (mm/month)

Jeonju (Penman) Jeonju (model A)

= y=1.2417x-8.7056 = y=0.8273x+ 15.348

2200 4 Res0.8417, 0.5 5290 1" Re-06916

£150 £150 4 ST,

£ % . * - ad

£100 % £100 - .

= = e o

g 50 - 3 50 A e’

= B ¥

g 0 T T T T 2 0 T T T T
0 50 100 150 150

)200 250 0 50 100

Pan (mm/month Pan (mm/month

Busan (Penman) Busan (model A)

)200 250

C.-S. Rim / Journal of Korea Water Resources Association 49(2) 165-175

= - =

= y =0.9457x+5.1297 £ y=0.9518x+4.2542

820097 g2_g.9534 820097 o2 59537

£ 150 1 £ 150 ~

£100 A =100 4

o o * = ‘ .

w 50 + 2 50

3 s

S 0 ; ‘ : : 0 ; : : :

0 50 100 150 200 250 0 50 150 200 250
Pan (mm/month) Pan (mm/month)
Jeonju (model B) Jeonju (model C)

~250 = 250

-é y=0.9754x+0.5264 g 200 y=0.8041x+18.901

g 200 R2=0.7672 g 7 R2=0.8081

150 AVNLTT ¢ £ 150 4 2L

£100 . & £100 - e, .

(o) * [a]

3 50 A 2 3 50 -

3 s 3

29 ‘ ‘ : ‘ S o ‘ ‘ ‘ ‘

0 50 100 150 200 250 0 50 100 150 200 250

Pan (mm/month) Pan (mm/month)

Busan (model B) Busan (model C)

Fig. 1. 1:1 comparisons of pan evaporation versus estimated evaporation (combined period)

Penman 2 2} ¥] u gk wff oF& gk Fbek A A7) BgiT)
A A3 o] shH Makkink (1957)9} Doorenbos and
Pruitt (1977) -l ]34 A2+ Model group C7F 527 /\]
S-S 7P ARl Bolshs Al o= vk o w1
A G A NSE A|4=7}10.954 5 B9 31, A|5(=0.914), /ﬂ o
(=0.889), th7(=0.868), =-3(=0.821), F-2H=0.808)2] =2
2 LFERTE Model group C= Penman 22§12 9] of| L 2] =%
ol A AL Al ol] AAteks A-8-skal, L 2fo] & Hgke}
7] {13l A el A4 AlgE 53kaL =gk Penman 2] ©
& Al -3}, whEbA] Penman 2=
S A Fag Tl sHA S AE FHelu
FEEASE 8= 3HA] g8 gAo] Atk koA
F Algke] olluA13at &
S A=A of] whebA 219 28

HH o] Abtew (1966)°ﬂ 9 sw Ao+ Model group AZ- ©]
Tofgl Fukedo] SHPH A S 7 g kS A
H 31t} Model group A 9] 73-5- AlF=#] & ¢l ] NSE #|F7}F
S H3a1, A55(=0.761), A1-2(=0.726), th A (=0.712),
1 i‘L_(:O.679), F4H=0.663) <= 0% LEFSLTE Abtew (1996)
ol ©J a4 AFE Model group AT TheahA| Skt AL
o] M2 Jad S o] Bato] TS AP staiAt sk
W] o 2 JAgar} Fkege] At of] whela] v o] 484
o] AAHt}ar g 4= Itk B Aol A= T 2] x| ol A
AT} SERALolof] Bl LA 358 kS Hol= Zlo R
UEbstTh
Model group B2] 74 - Penman 2= 312 3} B . & wj] ¥ 3}
N4 LB A 47187 (mblPO)SF AHA A 4

Az

(mb/lC)2] Hj <l L E G5 7129 sk T 5

o} mEg ol 1 4] 3 L9] 8- AL Al of] AL
I, TER G E ARE o &3 75 H S ARt
= tiAlel O"\}Eh”ﬂ 944
o] &3tk 2 ot} upE}A] Model group B+ Penman 3=
o] x| 3}} & 75 H &S txete] 4-8-H Algko]
232 AU 7 sE IS ol =A% *é“ﬂﬂ T
A=A o whba] 2] o] A-8-4]
ATA|PEE A gt ofah Ky
REWE S0l 7HE 35S NSE A& HA1aL vhdo)) 54k
A9 o] 7Hg w2 NSE A5 Hth AT 9] 49
Model group A (NSE #]5=0. 761)% A <] gt
/\1 NSE A5=7}F0.90] -5 K81 31, Penman2] <] 73-°r S A] ul
- NSE A53=0912)Z B3It} vhdof Fx

%X] Model group CRFo] NSE #|5=710.808< E Al
model group=-2] 74-9-0.8°] 3] NSE A& H.3l 01, 53]
Model group A2} 73-9- 718 S NSE A|547(=0.663)= H.31
t}. Penman2] & A] v]-9- W& NSE #|52(=0.361)Z K.t}
Fig. 1-= A 7|7} 5E 0]-8-510] Z} model group=2] 77l
HFE 3485 349 n7iiaE o] 8ot AP S
S SR A & vl B
H A3 A2 AZAT7F 1
a8]aL 71& 717k el Tk S o]
“:‘ri S Urk A A ‘ﬂ}i?)r

% 85}
‘__]—
2 Firozn o2 s
a2

o
oft

A

|

ol

o, J
iih)
o2l

T i,
20
°
st
_l
;z

T
>
>,
ox
o i
o\
mﬂ#
u



C.-S. Rim / Journal of Korea Water Resources Association 49(2) 165-175 171
—.180 = 180 = 180
£ 160 = 160 _— £ 160 —
g Fegy S 140 S S 140 VY ——
S 140 AN S AT Ep AR
'y - Y - = Y s
S120 # \ PN = 120 .4 A £ V.4 e
£ 100 4 $ - £ 100 o * £ 100 = : .
g 80 / \ 'g' 20 ’i/ \\ ‘g 20 }-_/ \\
ry s ] g 7
i - Mg £ R NG| f oA o
5 0 ¢ 3| 2 40 - < 20 ~
g 20 g 20 g 20
@ O T T T T T T T T T T T = 0 T T T T T T T T T T T O T T T T T T T T T T T
123 456 7 8 9101112 12 3 45 6 7 8 9 101112 12 3 45 6 7 8 9101 12
month month month
-=-Penman —A ——B ——( —+—Pan —=-Penman —+A ——B C ——Pan —=Penman + A B C =+=Pan
(a) Seoul (b) Daejeon (¢) Jeonju
—. 180
= - 180
£ 160 5 > | = 160
2o 2 SN S 140 s B
S 120 e w—f"l\\"__ ‘E‘ 120 v 4 % {\.
iE. 100 > =N £ 100 57 = S
£ 80 +— - T 80
s = T~ s i/ ™
Gl 60 | ® : o = 60 5= T\
§ 40 £ a &= : -
g 20 g 20 20
“ 0 — T T T T T T T T T 2 0 — T T T T T T T T 0 R S SR S VAR S
12 3 45 67 8 9101112 12 3456 7 89 101112 123 45 6 7 & 9 10 11 12
month month month
—-Penman —+—A ——B ——C —+Pan —a-Penman ——A —=—B —— C —+Pan —&-Penman <+ A =B C =—+=Pan
(d) Busan (e) Mokpo () Jeju

Fig. 2. Comparisons of monthly average evaporations
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Table 2. Calibration for radiation based approaches (model calibration period)

Model Estimated Numerical evaluation Model Estimated Numerical evaluation
group parameters RMSE MABE NSE group parameters RMSE MABE NSE
A =26.62 19.932 16.172 0.760 A £k=19.89 19.745 17.109 0.761
a=0.00024 a=0.00022
B 12.287 9.081 0.909 B 10.153 8.036 0.937
Seoul b=-0.0083 Daejeon b=-0.0036
a=0.96 a=0.84
C =026 12.138 8.772 0.911 C b=-0.28 9.517 7.470 0.945
A k=22.51 21.529 18.235 0.745 A k=22.38 13.025 10.502 0.761
a=0.00028 a=0.00009
B .044 .1 964 B 11.82 .562 .
Jeonju =-0.0018 8.0 6198 0.96 Busan b=-0.0136 820 9:36 0.803
a=0.96 a=0.60
. . . 10.4 . .84
C =037 7.665 5.805 0.968 C b=097 0.468 7.995 0.846
A k=21.70 17.521 13.887 0.777 A k=25.11 15.813 12.778 0.840
a=0.00020 a=0.00015
Mokpo B b=-0.0061 10.692 8.594 0917 Jeju B b=-0.0116 13.406 11.021 0.885
a=0.77 a=0.74
C =023 10.308 8235 0.923 C b=0.74 10.765 8.229 0.926
RMSE: Root Mean Square Error; MABE: Mean Absolue Error; NSE: Nash-Sutcliffe efficiency coefficient
Table 3. Verification for radiation based approaches (model verification period)
Model Numerical evaluation Model Numerical evaluation
group Mean | Max. | Min. | RMSE [ MABE| NSE group Mean | Max. | Min. | RMSE [ MABE | NSE
929 | 1684 | 199 |22.046|17.406| 0.685 A 772 | 128.9 | 30.5 [26.699|19.962 | 0.595
B 89.4 | 174.6 | 139 |15.576|10.737| 0.843 B 744 | 162.4 | 199 |21.754|16.031 | 0.731
Seoul C 90.1 | 1724 | 19.8 |14.692|10.136 | 0.860 |Daejeon| C 89.7 | 176.6 | 30.8 |14.914| 9.588 | 0.874
PM 87.6 | 1693 | 26.5 |11.866| 8.633 | 0.909 PM 90.3 | 193.7 | 26.1 |12.937| 8.908 | 0.905
pan 89.9 | 1822 | 275 pan 89.8 | 188.6 | 27.1
874 | 1414 | 36.1 |20.46116.905| 0.770 A 88.1 150.8 | 23.7 [18.979|13.716 | 0.526
B 83.9 | 1557 | 23.6 |10.964 | 8915 | 0.934 B 87.1 155.6 | 21.8 |18.129|13.608 | 0.567
Jeonju C 83.0 | 1585 | 17.4 | 11450 9.484 | 0.928 | Busan C 90.3 | 150.3 | 40.7 |14.243|10.410 | 0.733
PM 90.4 | 170.1 | 27.7 |10.802 | 8.199 | 0.936 PM 109.1 | 200.4 | 49.4 |18.775|14.980 | 0.536
pan 89.2 | 168.7 | 26.1 pan 979 | 183.4 | 424
87.4 | 148.7 | 29.1 |24.826|17.142| 0.556 A 92.8 | 163.2 | 21.3 |19.309|15.692 | 0.773
B 854 | 1753 | 21.9 |21.939|15.214| 0.654 B 90.9 | 181.1 17.9 | 18.091 | 15.448 | 0.801
Mokpo C 86.3 | 168.4 | 26.6 |21.033|14.116| 0.682 | Jeju C 952 | 174.1 | 358 |14.316|11.102 | 0.875
PM 105.1 | 201.2 | 434 |20.992|17.119 | 0.683 PM 105.4 | 194.0 | 41.6 | 9.869 | 7.861 | 0.941
pan 95.8 | 207.2 | 36.8 pan 104.5 | 217.7 | 40.5
PM: Penman; RMSE: Root Mean Square Error; MABE: Mean Absolue Error; NSE: Nash-Sutcliffe efficiency coefficient; Mean: average
evaporation for the study period; Max: maximum evaporation for the study period; Min: minimum evaporation for the study period
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Fig. 3. 1:1 comparisons of pan evaporation versus estimated evaporation (verification period)
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